Introduction
It is an unasked-for-honor to be assigned to comment on the outcome of this RILEM Workshop covering an issue as controversial as the "DEF" form of internal sulfate attack. I consider my task to be challenging not only for technical reasons but also because of the politisizing of the "delayed ettringite formation" (DEF) issue due to past and present sulfate attack-related litigations, involvement of "expert" lobby groups, and the unclear position of some professional organizations. The road to Truth is convoluted! My brief summary is based on a review of the most relevant literature, including the excellent presentations at this Workshop and the discussions we had thus far. I will try to highlight the points of agreement and disagreement, concentrating on the scientific issues but also on future research needs and development of field detection techniques and test methods.
As the outgoing Co-Chair of this Technical Committee, I would like to thank all present and absent members of RILEM TC-ISA, as well as other Workshop participants, for their patience and understanding: admittedly, our deliberation was a very slow process, often a frustrating one -a process that is still in progress. But meaningful advancement has been made, we understand many technical issues much better today, and our future tasks are clear: to learn more and to share the knowledge with the engineering and industrial communities.
The Politics of DEF
The TC-ISA has been established by RILEM in 1996 as a reaction to serious field problems encountered both in Europe and in North America. The railroad ties issues were well publicized and the expert opinions varied across the spectrum. Who is responsible: the cement or concrete product manufacturer? What constitutes damage and failure? What is the mechanism of expansion: alkali-silica reaction or a new form of sulfate attack? What is the effect, if any, of the concrete processing conditions: time of pre-curing, maximum curing temperature, the time at such temperature, other? Who has adequate insurance to pay for the damage? An unfortunate jumble of scientific, technical, and legal questions. And, as it happens, scientists started to express legal opinions and attorneys became "experts" in cement chemistry and concrete processing.
In support of the diversified, often completely opposing, points of view with the goal of influencing the legal proceedings and "public opinion", professional committees and meetings were organized to explain or even to modify existing standards. I'm happy to report that most attempts to modify or reinterpret the existing standards and test methods were unsuccessful and that, overall, the controversy led to much better scientific understanding of the technical issues. It is my personal opinion, however, that some toremain-unnamed professional organizations contributed to the problem by nurturing "consensus" science rather than technically correct science. This situation continues until today.
The organizers of the Workshop sincerely hope -and I know we have your total support -that our Report to RILEM will be scientifically honest and technically correct. We plan to openly discuss the controversies, show the relevant scientific evidence pro and contra, and present the reader with a state-of-the-art review of both laboratory and field knowledge and interpretations.
Comments on Outstanding Issues
Until the early 1990s, the issue of internal sulfate attack was a non-issue. National and international standards have established limits on the sulfate content of cements based on the known phenomenon of potential oversulfation. The terms optimum gypsum content and oversulfation as well as other technical terms have been well known to those familiar with the art of cement and concrete and, as a consequence, oversulfation of clinkers or cements, and the subsequent damage to concrete structures, has been rare. The more complete understanding of the sulfate issues resulted also in the development of sulfate resistant cements for use in sulfate-rich external environments; this development was understood to be applicable to concrete that has been designed for low permeability and high quality mechanical performance: it was meant to be a secondary protection.
Due to the increasing demand during the past decades for accelerated early strength development, both the cement and concrete producers adjusted their technologies to fulfil the market requirements. This led to production of cements of higher reactivity (increased amounts of alite and C 3 A, higher Blaine surface area, increased amounts of sulfates, increased proportion of alkali sulfates) and more efficient concrete processing (mixing, heat-and steam-curing). In toto, these changes resulted in modification of hydration chemistry and paste microstructure development, leading to often unknown consequences with respect to development of mechanical properties and durability.
We are now faced with the challenge of explaining the modern version of the old phenomenon of internal sulfate attack and to recommend preventive methodologies and detection procedures. We also need to resolve the outstanding scientific disagreements and then to explain to the practitioners the new phenomenon and the To-Do and Not-toDo processing options they may have.
In an attempt to be brief, I summarized the primary issues discussed in tables presented below. Please consider this to be a working document that has to be modified, possibly expanded, as our discussions continue; the brevity of the notes in the tables calls for an intimate understanding of the background issues, hence the references to the existing literature. The referenced literature represents just a fraction of the available knowledge, however. After listening to your presentations and the follow-up discussions, my interpretation is that consensus has been reached in numerous areas of past disagreements. Noticeable among these are:
Issue: Definitions
-there is no substantiated evidence of DEF expansion in concrete which has not been heat cured; high concreting temperature, whether caused by planned or incidental heat input and by highly-reactive cements or both, is acknowledged as the basic reason for the observed distress; -clinker sulfate acts the same way as added sulfate, even if in the form of anhydrite; sulfate content in clinker phases is very small and is usually balanced by alumina; -ettringite growth in cracks is non-expansive, leading to formation of secondary ettringite; however, if concrete is already weakened or degraded due to other mechanisms, such growth may contribute to damage; -the presence of ettringite in cracks or voids is, in itself, not diagnostic of DEF; -in well air entrained concrete, the secondary ettringite which can precipitate into air voids does not seem to have significant impact on frost resistance; in marginally air entrained concrete, some contribution to poor frost resistance could be possible.
However, more important, we still have some challenges. I will highlight some of them. Before I do so, I would like to suggest that we try to develop proper guidelines for prevention of heat-induced internal sulfate attack now, even before we reach consensus on the mechanistic details. I believe we have the knowledge on how to prevent damage to field concrete; we should distribute this knowledge to the industrial community, and should not wait until the moving target of complete mechanistic understanding is reached.
Points of disagreement are primarily mechanistic in nature. Some of the open issues are very skilfully highlighted in the paper submitted to us by Sid Diamond [9]:
-monosulfate-to-ettringite recrystallization in the outer C-S-H product -mechanisms of the expansion processes, -mechanism and sequence of ettringite deposition processes -"homogeneous" expansion vs. ettringite crystallization in "gaps", -isotropism of the expansion and the effects on mechanical behavior, -mechanistic processes at the crack tips, -the "aggregate" effect, etc.
Other issues mentioned by Diamond are: resolution of remaining questions re clinker composition, and better understanding of the relationship of expansion vs. cracking and expansion & cracking vs. mechanical properties (strengths, modulus of elasticity, etc.).
Similar mechanistic challenges were discussed in presentations by Hal Taylor [29] , Fred Glasser [30] , Jan Olek 31] , George Scherer [32] , Alan Capmas [33] and others, and in papers submitted by Jim Beaudoin and Jacques Marchand [23] and Sidney Diamond [9] .
Clearly, additional technical work is required in numerous scientific and standardization areas. A recent review by Thomas [18] recommended attention to the following:
Standardization of test methods for both cement characterization and materials/manufacturing systems, High-early strength cementitious systems optimized for high temperature, Role of clinker sulfates: ambient-temperature "DEF" (an issue that, in my opinion, is basically resolved), Role of ASR and other damage mechanisms, Review of effectiveness of European recommendations.
I would like to recommend adding to the above list of actions the following:
Research effort leading to thorough understanding of the underlying chemistry and physics: such understanding would help in answering many of the issues listed above and may contribute to general expansion of knowledge on concrete durability. Specifically, work should concentrate on the: -effect of high calcium cements on durability in general, -elucidation of the sulfates-related expansion mechanisms, -understanding of the physics of the resulting crack formation and propagation under restrained and unrestrained conditions of concrete use, -beneficial role of admixtures and additives to prevent damage, if any, -effects of the environmental exposure (humidity, temperature, changes in above), -development of models for prediction of concrete behavior and service life, taking into account the materials composition as well as the processing and environmental conditions of the concrete in the environment of its use. Effective educational effort to publicize the phenomena of internal sulfate attack, with the goal of enabling concrete producers to adjust their practices based on sound scientific understanding. Such effort may include distribution of technical material or organization of educational courses or both, at different levels of technical sophistication. Basic work needed for development of reliable test methods leading to development of simple but correct processing guidelines for the construction materials industry. To be followed by adaptation of appropriate standards and codes, if needed.
Finally, we have to address some practical questions:
What to do about concrete that does go above 65°C? Does it really matter given the good field performance of most concrete? What is the effect, if any, of w/cm? What actions are needed to give confidence in using heat cured concrete? What should we recommend to the industry in order to avoid problems: limits on composition or w/cm or curing conditions?
What tests are needed? Is there a simple test to distinguish a "safe" from a "potentially unsafe" concrete mix design? What is the relationship of the above parameters to the (post-curing) conditions of use (RH, changes in RH)? What are the educational needs? How to develop and distribute easy-to-understand information? Suggestions are welcome!
In conclusion, I would like to share with you why I'm so delighted to see the "DEF" issue disappearing beyond the Horizon: I don't want ever to get for review another manuscript on this topic! Editors of professional journals: please, notice! Thank you.
Conclusions
During the past decade, most of the technical intricacies of the "DEF" in field concrete have been established and many of them were resolved. Some details of mechanistic questions remain unanswered, but this fact should not prevent the informed engineering community from developing improved guidelines for proper selection of concrete materials and production processes for concrete that might be exposed to elevated temperatures.
Prevention of heat-induced internal sulfate attack is possible and some guidelines are already available. These should be improved and publicized to the practitioners by the relevant professional organizations, preferably in a unified (or politically incorrect: "globalized") mode.
Future work should concentrate in three areas: dissemination of the existing knowledge to the engineering community development or adaptation of relevant guidelines, standards, and test methods, and scientific resolution of the outstanding mechanistic issues.
APPENDICES Appendix I -Draft Definition Under Consideration by ACI
Delayed ettringite formation -is a phenomenon whereby the normal early formation of ettringite that occurs in concrete cured at ambient temperature is postponed as a result of exposure to excessive temperatures during early ages (i.e. > 70 o C); the ettringite then forms at later ages during subsequent exposure to moisture in service and this delayed formation of ettringite can, under certain circumstances, lead to internal expansion of the hardened concrete. The conditions under which damage does or does not occur have not been unequivocally established, but evidence indicates that for concretes that experience high temperatures during curing, the use of pozzolanic materials or ground granulated blastfurnace slag reduces the risk of damage and that the risk is minimal with sulfate resisting cements.
